Abstract--The conditions under which an exchanger phase will behave as an ideal mixture are established from thermodynamic principles. It is shown that, if a stoichiometric cation-exchange reaction is reversible, the exchanger phase will exhibit ideal behavior if the Vanselow selectivity coefficient is independent of the exchanger composition. This criterion is applied to some recently published data for Na+-trace metal cation exchange on Camp Berteau montmorillonite. An analysis of the data suggests that, so long as the exchange process is reversible, Na+-trace metal cation exchange produces an exchanger phase that behaves as an ideal mixture.
INTRODUCTION
Cation-exchange reactions that involve trace metals, such as Cd, Cu, Ni, and Zn, have taken on an added importance in recent years because of the current interest in the potentially harmful effects on plants and animals that result from the accumulation of these metals in soils. The thermodynamic properties of exchangeable trace-metal cations on clay minerals have been studied by Bittel and Miller (1974) , E1-Sayed et al. (1970) , Maes et al. (1976), and McBride (1978) . These investigations have given some indication of the relative exchange selectivities of the common clay minerals for trace-metal cations as well as the degree to which exchanger phases behave as ideal mixtures when trace metals are adsorbed.
In their comprehensive study of Na+-exchange with Cd 2+, Co 2+, Cu ~+, Ni 2+, and Zn ~+ at pH 5.5 on Camp Berteau montmorilionite, Maes et al. (1976) found that adsorption isotherms (i.e., plots of the equivalent fraction of the metal in the exchanger phase vs. the equivalent fraction of the metal in the aqueous solution phase) corresponding to the reaction M 2+ + 2NaX = 2Na + + MX2
(1)
were virtually identical for all the trace-metal cations studied. In Eq.
(1), M refers to either Cd, Co, Cu, Ni, or Zn, and X refers to one equivalent of the anionic portion of the exchanger. The exchange reactions were found to be stoichiometric and reversible so long as the equivalent fraction of the trace metal in the exchanger phase, EM, was <0.7. Under this condition, the selectivity coefficient, K,,, could be fit to the linear regression equations in Ke = 1.205 + 0.47Era
In Kc = 1.072 + 0.52EM (t = 4~
Copyright 9 1979, The Clay Minerals Society in the cases of M = Co, Cu, Ni, and Zn. In Eq. (2) and (3), EMaNa 2 K~-EN~aM (4) and a is a single-ion activity in the aqueous solution phase. Maes et al. (1976) also calculated ~'activity coefficients" for the components of the exchanger phase and found that these quantities varied with either EM or Esa in a manner consistent with Eq. (2) and (3). These results led them to conclude that Camp Berteau montmorillonite behaved as a nonideal exchanger phase, with respect to the reaction (1). In particular, they ascribed the linear forms of Eq. (2) and (3) to "the analog of a regular solution behavior" in the exchanger phase. The conclusions of Maes et al. (1976) were based on the tacit assumption that nonideality in an exchanger, considered as a binary mixture, is indicated whenever the selectivity coefficient Kc varies in any manner with the equivalent fraction. This fundamental assumption is examined critically in the present paper and is shown to be incorrect. The proper criterion for ideal behavior in an exchanger phase is established and is employed to reanalyze the data of Maes et al. (1976) . The results suggest that Na+-trace metal cation exchange is, in fact, ideal on Camp Berteau montmorillonite for EM < 0.7.
THEORY OF IDEAL CATION EXCHANGERS
An exchanger phase is a macroscopically homogeneous mixture with a variable composition. It is, therefore, a solution (see, e.g., Lewis and Randall, 1961, p. 8) . The chemical potential of any component in a solution at equilibrium is well defined and, accordingly, the activity of any component is also well defined. In an exchanger phase appropriate to reaction (1), the 
change reaction is illustrated in (Gaines and Thomas, 1953) (nxu) (BXv) gA ----EA gB EB
and connect K~ to K~x through the expression Kex --gAV(Kc)/ga u
Kex -where components are MX2, NaX, and H20. It may be noted that each of these chemical species is a thermodynamically meaningful entity and that its activity is, in principle, measurable without recourse to extrathermodynamic assumptions such as are required, e.g., when dealing with ions in aqueous solutions. Furthermore, activity coefficients for the species MXz and NaX may be defined in the usual way for components of mixtures, i.e., as the ratio of the actual activity to its numerical value under those limiting conditions when the mixture obeys Raoult's law (see, e.g., Guggenheim, 1952, p. 33) . Therefore
express the activity coefficients of NaX and MX2, respectively, where ( ) refers to an activity in the exchanger phase, and N is a mole fraction in the exchanger phase. The criterion for ideality in a solution may be defined simply in terms of the activity coefficients in Eq. (5)--a solution is ideal if the activity coefficients are each equal to 1 (Lewis and Randall, 1961, Ch. 18) . The definition of ideality just cited may be applied at once to reaction (l). The thermodynamic equilibrium constant for Eq. (I) is
NMaNa 2 Kv-NN2aM
iS the Vanselow selectivity coefficient (Vansclow, 1932) . It is evident that the exchanger phase will show ideal solution behavior if K~ is observed to be constant as the composition of thc exchanger is varied. Thus, it is the constancy of the selectivity coefficient K~, not Kc, that determines whether an exchanger phase is ideal.
The relationship between the selectivity coefficients K~ and Kr for a general, stoichiometric cation-exThe coefficients gA and gB are not true activity coefficients because the activity of a component of a mixture does not become equal to its equivalent fraction in the limiting case where Raoult's law is obeyed. Essentially this same point has been made previously by Gaines and Thomas (1953) and by Sposito (t977) .
It is clear from Table 1 that K~ will not be constant when Kv is constant, and that gA and ga will not be equal to 1 when fA and fB are equal to 1, unless u = v (homovalent exchange). In the case of reaction (1), in fact,
Eq. (10) may be rewritten in the form
If the exchanger phase is an ideal solution, the dependence ofln K~ on EM is expressed entirely in the second term of Eq. (11). Under the condition that EM ~ 2, this term may be expanded in a MacLaurin series to first order in EM, and Eq. (I1) becomes
Eq. (12) is of the same form as Eq. (2) and (3) if In Kv is taken to have the values 0.512 at 22~ and 0.379 at 4~ It may be noted that the theory of ideal exchangers predicts that the coefficient of EM will be 0.5, independent of the temperature. This prediction agrees with experiment as summarized in Eq. (2) and (3). Therefore, it may be concluded that the regression equations (2) and (3) are consistent with ideal behavior of Na +-trace metal cation exchange on Camp Berteau montmorillonite.
The values of Kv for Na+-M2+-exchange (M = Cd, Co, Cu, Ni, Zn) may be calculated directly using Eq. (10) and the values of K,, published in graphical form by Maes et al. (1976) . Plots of the resulting values of In Kv vs. EM at 22~ are shown in Figure 1 . For EM < 0.8, despite the scatter in the data, which also was apparent in the plots of Maes et al. (1976) , In Kv is seen to be Maes et al. (1976) . The average value of In Kv found for Cd and Zn, however, would appear to be different from 0.512, although it must be remembered that the Cd data were not used by Maes et al. (1976) in obtaining Eq. (2). Regardless of the value of the average In Kv, Figure 1 is further statistical evidence that In Kv is a constant for E~ < 0.7.
CONCLUSIONS
The principal conclusions to be drawn from the analysis presented here are that ideality in cation-exchanger phases must be studied in terms of the Vanselow selectivity coefficient, not the coefficient K~., and that Na+-trace metal cation exchange on Camp Berteau montmorillonite is quite likely an ideal exchange at least at low equivalent fractions of the trace metalmontmorillonite component. This latter conclusion is of particular significance for the molecular theory of cation exchange, since heterovalent exchange ordinarily would be expected to involve a "configurational interaction" due to one M s § replacing two Na § that would preclude ideal behavior in the exchanger phase even if the exchange were an athermal process (cf. Guggenheim, 1952, Ch. X) .
